Background: Congenital anomalies of the coronary arteries (CAs) (Folia Morphol 2017; 67, 2: 208-218) 
INTRODUCTION
Congenital anomalies of the coronary arteries (CAs) are uncommon with a prevalence of 1%, but figures between 0.3% and 5.6% were reported in the literature [4, 5, 7, 35] . The diagnosis of coronary artery anomalies (CAAs) is usually established by invasive coronary angiography (ICA). However, due to the two-dimensional (2D) projection nature of ICA, the visualisation of a complex three-dimensional (3D) vessel course as well as clarification of the exact re-lationship to surrounding anatomical structures may be difficult, and misinterpretation is reported in up to 50% of the cases [20, 35] . Recently, coronary computed tomography angiography (CCTA) has emerged as a noninvasive alternative for the evaluation of the CAs [14] , particularly after the introduction of modern protocols [1, 18] that allowed performing CCTA with a radiation dose substantially lower than that of ICA [19] . Therefore, CCTA has been recommended as the first-line method for the assessment of known or suspected coronary disease [33] .
Most of the CAAs have been detected incidentally during the evaluation of patients with suspected CA disease. Although CAAs lack clinical significance in the majority of these patients, certain abnormal patterns, like the anomalous origin of a coronary vessel from the opposite sinus have been associated with sudden cardiac death and ischaemic complications [4, 7, 20] . In 17% of athletes' deaths, 12% of sport-related deaths in 14-to 40-year-old individuals are due to CAA [4, 5] .
The aim of the work was to determine the prevalence and describe the CAA in referred patients undergoing CCTA in Kuwaiti community in a single institution.
MATERIALS AND METHODS
Eight hundred forty-two (842) patients were referred to the Department of Radiology between April 2013 and September 2014 at Dar-Al-Shifa Hospital, Kuwait City, Kuwait for cardiac multi-detector CT angiography (MDCTA). The main complaints were atypical chest pain, equivocal electrocardiogram (ECG) in addition to patients referred for assessment of patency of coronary stents or grafts and pre-operative screening. All the 842 patients' data sets were reviewed in search of CAA in the origin and course of the vessels.
Demographic analysis
Out of 842 patients, 446 (52.97%) were male, and 396 (47.03%) were female. The age range of the subjects was between 24 and 88 years with a mean age of 44.0 ± 12.3 years.
The institutional ethical committee approved data analysis at Dar Alshefaa Hospital.
MDCTA technique
Dual-source CT-coronary angiography was performed using a Siemens SOMATOM Definition Flash dual-source scanner (Siemens Medical Solutions, Forchheim, Germany). With two tubes and two detectors mounted at orthogonal orientation in the gantry, temporal resolution significantly improved. A gantry rotation time of 0.28 s thus results in a temporal resolution of 75 ms. Tube voltage for CT-angiography was 100-120 kV for both tubes, current 2110 mA with modulation, the full current between 30% and 80% of the cardiac cycle, pitch 0.2-0.44 adapted to the high resolution. Per-rotation 128 slices are generated with a collimation of 0.6 mm, leading to an isotropic voxel resolution of approximately 0.6 mm edge length and 0.2 mm 3 volume. Radiation dose was adjusted not to exceed 350 mGy cm.
No preparation or beta-blockers were given before the examination. Non-contrast scan for calculation for coronary calcium score was taken from the carina to the apex of the heart. The scan was followed by a test bolus injection to calculate the peak of contrast enhancement time. Then the final coronary angiogram was taken.
A bodyweight adapted volume of contrast agent (1.25 cm 3 /kg body weight; Xenetix 350, Guerbet, Nederland) was injected continuously at a calculated rate (6.5 mL/s) to achieve constant injection duration of the 20 s. A saline flush (100 cm 3 at 5 cm 3 /s) was applied to maintain a compact bolus.
Axial images were reconstructed with 0.75 mm slice thickness and 0.5 mm increment using a medium sharp convolution kernel (B26) and retrospective ECG gating. The reconstructions were performed in 5% steps over the entire R-R cycle using a single-segment algorithm that utilises a quarter segments of projection data from both detectors.
Image analysis
All acquired MDCTA images were transferred to a dedicated CT 3D-post-processing workstation (Syngo via, Siemens Healthcare Global, Malvern, PA). Two experienced radiologists evaluated the CAs by performing the maximum intensity projections (MIP), curved multiplanar reformats, and volume rendering technique. The CAA were classified into anomalies of origin (number of coronary ostia, high take-off, ectopic coronary origin), anomalies of course (myocardial bridging) and anomalies of termination (CA fistula).
RESULTS

Image analysis
The different abnormalities were categorised into four different anomalies: anomalies of origin, anomalies of course, anomalies of termination, and CA variants. Table 1 is a summary of the number and percentage of subjects in each category.
Anomalies of origin
Multiple ostia were noted in 13 (1.54%) cases. Eight cases showed a separate origin of the conal artery from the right coronary sinus (CS) (Fig. 1A) . While 5 cases showed the absent of the left main CA with a separate ostium for both left anterior descending (LAD) [also known as anterior descending branch of left coronary artery or anterior descending branch] and left circumflex artery (LCX) [also known as circumflex artery or circumflex artery of left coronary] from the left CS. Curved multiplane reformat image (Fig. 1B) showed an absent left main CA. Instead, the LAD and LCX originated from a common ostium of the left CS. The volume-rendered image (Fig. 1C) showed an absent left main CA with a separate origin of LAD and LCX from the left CS.
Ectopic coronary origin was noted in 7 (0.83%) cases. Four of these cases showed right coronary artery (RCA) originating from the left CS with separate ostium, and then it runs inter-arterial course between the root of the aorta (Ao) and pulmonary artery (PA). Figures Our data analysis showed that in 1 case, the left main CA originated from the posterior aortic sinus (non-CS). The left main CA then runs posteriorly in the retro-aortic course between the Ao and left atrium (LA) as shown in the volume-rendered image (Fig. 3A ) and the axial source images ( Fig. 3B-D) . Likewise, only in one case, the LCX originated from the right CS with separate ostium. The LCX then took a retroaortic course between the aorta and LA to reach the atrioventricular (AV) groove as shown in the volume rendering image (Fig. 4A ) and sagittal multiplanar reformat images ( Fig. 4B-D) .
In 2 (0.26%) cases, a single coronary ostium was found. In the first case the left main CA originated from the right CS by common ostium with the RCA, then took a long retro-aortic course to reach the anterior aspect of the heart between the Ao and LA where it divided into LAD and LCX (Fig. 5A, B) . The other case showed a single left main CA with no right CA originating from the Ao. The RCA originated from the proximal LAD, and it took an anterolateral course to reach the right lateral margin of the heart in the anterior interventricular groove (Fig. 6A, B) .
Anomalies of course
Our data analysis detected myocardial bridging in 78 (9.26%) cases. All were identified at mid LAD. 
Anomalies of termination
Only 1 (0.12%) case had fistulous tract connection branches from the RCA and LAD to small common conduit connected to the PA. The volume rendered images revealed a coronary fistula supplied by a tortuous septal branch from LAD (Fig. 8A ) and conal branch (Fig. 8B) . Meanwhile, the sagittal multiplanar reformat image showed that both feeders end in a small vascular channel connected to an anterior aspect of the main PA (Fig. 8C) .
Coronary artery variants
In 160 (19.00%) subjects, a ramus intermedius branch was detected as CA variants. A curved multiplanner reformat image (Fig. 9) shows a trifurca- 
DISCUSSION
The overall prevalence of congenital CAA in our study is 2.6%. This percentage prevalence includes cases of anomalous origin and course as well as cases of anomalous termination. Myocardial bridging was not included in the prevalence calculation as it was excluded from most of the previous studies in the literature. Although our results are near to the results of von Ziegler et al. [38] who reported a prevalence of 2.3% yet it is still high as compared to other studies [36, 40] . The high prevalence in this study may be attributed to the greater advances in imaging that made it less invasive and easier to image CAs accurately our patient population. Another reason is that coronary CT is considered as part of the preoperative assessment in our institution, which allowed us to examine a large number of asymptomatic patients and, in turn, expanded the prospects of detecting congenital anomalies.
Some classification systems of the CAA have been suggested [4, 22, 24] . According to these systems, anomalies of the CAs are divided into anomalies of origin and course, anomalies of intrinsic CA anatomy, and anomalies of termination. In our study, we used the anomalies of origin, course, and termination in addition to the CA variants. Some authors consider the multiple ostia as normal variants [41] . While oth- ers include it under the category of anomalous origin [31, 42] , as we did in the current study. We detected 8 (0.95%) cases of separate origin of the conal branch from the right CS (Fig. 1A) while 5 (0.6%) cases showed absent of left main CA. Instead, the LAD and LCX had separate ostia from the left sinus of Valsalva (Fig. 1B, 1C) which is slightly higher than previous studies [11, 27] . Multiple ostia may not cause major clinical problems, but they may cause difficulty in cannulating the vessels during coronary angiography [42] .
An anomalous CA can arise from the non-CS or the opposite sinus. The abnormal CA then takes one of the four following paths depending on the anatomic relationship of the anomalous vessel to the Ao and the pulmonary trunk. It may proceed into inter-arterial (between the aortic root and the pulmonary trunk) (Figs. 2, 3 ), retro-aortic (dorsal to the aortic root) (Figs. 4, 5) , pre-pulmonic (anterior to the PA or right ventricular outflow tract), trans-septal or sub-pulmonic (beneath the right ventricular outflow track) course [24] . In our sample population, we observed 4 cases of anomalous RCA origin from left CS with inter-arterial course between the aortic root and PA (Fig. 2) . Although many patients are asymptomatic at the time of presentation or diagnosis, surgical correction is recommended due to the risk of ischaemic sudden death [9] .
We had 1 case in which the left main coronary originated from non-CS with the retro-aortic course (Fig. 3) . Moreover, in another patient the LCX originated by a separate ostium from the right CS with a retro-aortic course to reach AV groove (Fig. 4) . In a CA surgery study, Click et al. [10] reported that left main coronary originating from non-CS with the retro-aortic course is the most common anomaly of LCX origin as it was detected in 69% while LCX originated as a branch of the RCA in the remaining cases. LCX origin anomaly could be isolated (as in our case) or associated with anomalous origin of the LAD [15] .
The anomalous coronary ostium originating from the unassigned aortic sinus has a slit-like shape that differs from a normal round coronary ostium [37] . The presence of anomalous course between great vessels is, even more, relevant to the increased clinical jeopardy than is the ectopic origin of CA [37, 39] . The increased risk is due to the squeeze of a CA by the increased cardiac output during diastolic expansion of the vessels [7] . Moreover, active exercise may increase the preexisting acute angulations of the CAA [28] .
Abnormal RCA origin and course is associated with higher prevalence of cardiac events as compared to anomalous LAD and LCX [12] . Single CA is a situation where the LMCA and RCA arise with a common ostium from the right, left or non-CS. This abnormality is a very rare congenital CAA that is seen in only 0.024-0.044% of the population [2] . The single anomalous trunk supplies blood to the entire heart and is classified according to its origin, branching pattern, and course. In the current study, we had 1 case with the left main CA originated from the right CS through a common ostium with the RCA. At that point, the LMCA took a long retro-aortic course to reach the anterior aspect of the heart where it divided into the LAD and LCX (Fig. 7) . In another case with a single left coronary ostium, the left main CA directly originated from the ostium while the RCA originated from the proximal LAD (Fig. 8) .
In this study, the presence of a single CA can be an isolated finding (as in our 2 cases) or associated with additional cardiac anomalies [2] . As previously mentioned with the ectopic origin of the CA, the course taken by the vessels after the division of single vessel to right and left has more clinical significance [32] .
Myocardial bridging (MB) is a congenital condition in which a segment of major epicardial CA proceeds intramurally through the myocardium beneath the muscle bridge [3] . The MB was the most frequently found anomaly as it was diagnosed in 78 (9%) cases in the current study. In contrast, Shabestari et al. [34] found much higher incidence (21.3%).
Myocardial bridging is considered a benign condition that most commonly affects the middle segment of the LAD [3] as shown in Figure 9 . However, the relationship between MB anomaly and increased cardiovascular morbidity is still unclear. According to previous reports [21, 30] , the MB may cause coronary heart disease by two mechanisms. First, by a direct systolic compression of the tunnelled segment and second by the enhanced atherosclerotic plaque formation occurring because of alteration of haemodynamic factors, mainly in the vessel segment proximal to the bridge. The length, the depth and the location of the MB have been associated with the mechanisms above [21, 30] . Therefore, MB is classified as superficial or deep, depending on the thickness of the covering muscular layer (≤ 1 mm or > 1 mm) [26] . Also, superficial MB can be classified as complete or incomplete by the extent of the vessel encasement by the myocardium [23] . In the current study, among the 78 patients with MB, 25 (32%) cases were deep bridging, and 53 (68%) were superficial which is similar to the results of Kim et al. [24] .
Coronary artery fistulas are present in 0.002% of the general population and are visualised in nearly 0.25% of the patients undergoing cardiac catheterisation [16] . The majority of the fistulas drain into the PA or right ventricle, but fistulae may also drain into anywhere from between the vena cava or CS to the PA or LA [6] . Multiple fistulae may also occur. Over 90% of fistulae drain into the right side of the heart causing right to left shunt. Chronic large volume shunts through these fistulae may cause major aneurysmal enlargement of the proximal feeding CA in addition to enlargement of the receiving vessel or chamber. The uninvolved CAs are usually normal [29] . A study by Zhou et al. [44] reported that fistulae more commonly (50.0%) originate from both the LCA and the RCA followed by the LCA in 30.4% and RCA in 12.0%. The remaining 7.6% of the cases were associated with extra-cardiac communications.
In the current study, we encountered 1 case of coronary-pulmonary artery-cameral fistula (0.1%). Minor feeders came from the conal branch of the RCA while the major feeder was from the septal branches of the LAD. Both feeders were connected to the common vascular channel that was finally draining into to the PA. The conal branch of RCA had rather simple straight away course upwards towards the common channel while the septal branch had tortuous irregular course along the left lateral aspect of the main PA. The diameter of the LAD was relatively increased as it is the primary feeder of the fistula. Likewise, tortuosity was reported in another study [29] to occur with older age, which copes well with our 52-year--old case. Clinical symptoms are proportional to the amount of induced haemodynamic abnormality. Patients with small CA fistulas remain asymptomatic, whereas those with high-flow fistulas may develop haemodynamic steal phenomenon with consequent myocardial ischaemia [43] .
Coronary artery "dominance" is defined in terms of which CA supplies the posterior descending artery (PDA, also known as the "inferior interventricular artery"), and the posterior left ventricular branches. The PDA is the artery that extends along the inferior interventricular groove, from the crux of the heart toward the apex. If the PDA is supplied by the RCA, then the coronary circulation can be classified as "right-dominant". If the PDA is supplied by the circumflex artery (CX), a branch of the left artery, then the coronary circulation can be classified as "left-dominant" [17] . However, if the PDA is supplied by both the RCA and the CX, then the coronary circulation can be classified as "co-dominant". Approximately 70% of the general population are right-dominant, 20% are co-dominant, and 10% are left-dominant. A precise anatomic definition of dominance would be the artery that gives off supply to the AV node i.e. the AV nodal artery. Most of the time this is the RCA [17] . In our study, 83.8% of cases showed RCA dominance while 9% and 7.2% showed left and co-dominance, respectively. These data are in agreement with previously published studies [8, 25] .
The ramus intermedius (Fig. 8) is a variant CA resulting from trifurcation of the main left CA. It is present in about 20% (range 15-30%) of the population [13, 28] . Moreover, it is considered the most common anatomic variation observed in the left coronary system [13] . In the current study, it was found in 19% of the cases.
This study has several limitations that artificially may have raised the incidence of the anomalies reported. One limitation was the retrospective design of the trial, which was prone to confounding factors and bias. Moreover, the small sample size and the study population was highly selected our sample does not represent the true prevalence in a more general population since the cases were collected from a single hospital in Kuwait. Further, the study may have included patients included that underwent CT because of an anomaly that was seen or suspected in cath (a not-so-infrequent reason for referral). Surgical confirmation of CTA finding was not available since none of them underwent a surgical correction, especially those who are with anomalous origin and fistula.
CONCLUSIONS
The prevalence of CAA in the subjects referred to our institution in Kuwait was 2.6% that is relatively higher than the average percentage reported in the literature. A further elaborate follow-up study is needed to analyse the exact prevalence of congenital coronary anomalies in the whole Kuwaiti pupation.
